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INTRODUCTION
Microfluidic devices have become a common platform on which biomedical diagnostics can be carried out and cell culture systems observed and engineered [1, 2] . More specifically, these microfluidic devices have been applied towards organ transplant and organ assist [3] , drug delivery [4] , drug discovery [5] , and bioassay [6] applications. A common configuration consists of a single microfluidic channel through which culture medium is flowed, with cells cultured on the bottom [7] (Figures 1a, 1c) . In general, solute is introduced into the channel, with medium flowed directly over cells, and cellular behavior in response to solute concentration is observed.
As a consequence of fluid being flowed over the cell population, fluidic shear is imparted directly on the cells. However, it is known that cells' metabolic activity is sensitive to shear stresses [8, 9, 10] . It is very possible, then, that cellular responses that are measured are altered by the presence of shear. Moreover, delivering the same amount of solute to all the cells cultured may become a challenge, for in a single channel configuration, equitable delivery may only occur by increasing the flow rate and consequently, shear. Hence, it is also preferable experimentally to deliver a controlled quantity of solute to the cell population while at the same time having independent control over the imparted shear. We may attempt, then, to seek an alternative device configuration, some of which are analyzed in the literature, and utilize unique biologically-inspired [9] or grooved geometries [10] to shield cells from shear. Here, we will analyze the bilayer construct [1, 11, 12] , which affords itself to a much more straightforward analysis and offers greater simplicity in the way of fabrication.
A bilayer device comprises two channels through which fluid may be flowed, and which are separated by a membrane (Figures 1b,1d) . One channel may be used to populate the cell culture (the "cell compartment"), while the other may be used to flow medium containing the solute (the "flow channel"). Solute diffuses across the membrane and into the cell compartment where it is consumed by the cell population. The primary benefit of this construct is that the cells are not subjected to the shear forces of the flow channel, so we may vary that flow rate independently of the cell compartment's to deliver solute to cell compartment. We then only need to maintain a nominal perfusion flow in the cell compartment, while we may modulate the flow channel flow rate arbitrarily. 
is the velocity of the medium in the channel, given by (2)
The shear imparted on the channel walls is given by (7) and (8) for the bilayer and the equivalent for the single channel case were generated in MATLAB (see below).
RESULTS AND DISCUSSION
The model system is a hepatocyte culture consuming oxygen. Studies suggest metabolic activity is negatively affected when shear exceeds . μ . The hepatocytes are assumed to encounter a hypoxic environment in vivo, and the membrane diffusivity chosen is that for a typical polymeric membrane (e.g. polycarbonate or Nafion); all other parameters used are summarized in Table 1 . For the bilayer, the concentration field and consumption in the cell compartment may be modulated by increasing the flow rate in the flow channel (Figures 2 and 3) , while flow in the cell compartment may be kept at some nominal level. We can impose a more uniform concentration and consumption profile in the cell compartment without increasing I Q and thus the shear imparted on the cells τ (Figures 2a, 2b, 2c, and 3 ). Overall transport may be increased by changing the membrane diffusivity, possible, for instance, if the membrane is composed of a crosslinked network (Figure 4 ). 
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CONCLUSIONS
We have considered and developed a solution to the problem of determining the concentration profile in a bilayer device. The bilayer offers a nearly uniform concentration profile, in direct contrast to the nonuniform profile of a standard single-channel device. The bilayer allows this profile to be delivered at a minimal level of shear, while in the single-channel device, transport cannot be made more uniform without increasing shear. It appears that this device configuration can offer a robust platform for future cell-culture experimentation, with modularity and control of solute delivery and microfluidic shear an intrinsic part of its operational capabilities. Validation and extension of the current model using numerical techniques is currently taking place with positive results, and experimental implementation of a cell-cultured bilayer device is under development.
